Spallation sources create a large amount of neutrons with energies up to the GeV range. To shield for these neutrons, steel and concrete are important materials. By adding different aggregates to normal concrete, one can improve the shielding effect of the concrete. Some of these aggregates can influence the rate of hydration (reaction) of the cement or even completely inhibit the hydration. It is thus good practice to start the investigation of new shielding concretes by assessing the rate of cement hydration in the presence of new aggregates. This is preferably made with isothermal (heat conduction) calorimetry. In this paper we describe such tests made with a large number of different potential aggregates for a shielding concrete. We found a full range of influence on the hydration, from no influence to severely disturbed. In some cases smaller particles gave more disturbance.
I. INTRODUCTION
The main ingredients of concrete are cement, water, sand and rocks. The aggregate part (sand and rocks) can in most cases be considered to be inert, but it is sometimes of interest to add unusual and possibly noninert aggregates to the concrete. Some cases where this occurs is when hazardous materials like heavy metals [1] or radioactive waste [2] are cast into concrete for long-term storage, or when concrete for radiation shielding needs to incorporate certain materials or elements [3] . It is then of interest to have protocols for testing how the added materials influence the hydration reaction and the formed product. We believe that it is most relevant to start such testing by an overall assessment of the kinetics of hydration, something that is most conveniently made by isothermal calorimetry.
Concrete is held together by the hardened cement paste that is formed during the hydration of the cement. This hydration (reaction) is a complex multistep process involving several different reactants and products [4] . One common way to visualize such a reaction is by the heat that it produces, i.e., by calorimetry. There are several different calorimetric techniques in use in cement science and technology [5] , but the most useful for testing for hydration disturbances is isothermal (heat conduction) calorimetry. ASTM 1679 [6] gives a good overview of how isothermal calorimetry can be used in applied cement technology to investigate problems with hydration disturbances.
A calorimetric hydration curve can be changed by chemical additions in several ways. For example, the start of the main reaction can be accelerated or retarded, or the rate of the main reaction can be lowered. More serious changes in the rate of reaction can also occur, for example a complete inhibition of the hydration. If there is only retardation of the main reaction the hydration will usually proceed as normal, but take longer time, and this is then mainly a problem of turnaround and efficiency at the worksite. Other types of delayed hydration can be more serious as they indicate that the hydration reaction is not proceeding as it should; the final strength and other properties may then not develop as intended. Figure 1 schematically shows how cement hydration curves can change in different ways.
There have been several studies over the years on how various compounds influence the hydration of ordinary Portland cement (OPC) and its phases. For example Weeks et al. [7] investigated the influence of zinc and lead; they also gave data on how different inorganic salts influence the hydration of OPC. Bhatty [8] made a thorough review of how the elements influence both cement manufacturing and hydration.
As mentioned above, one situation where relatively large amounts of unusual materials should be added to concrete is when radiation shields are cast. The most common concrete shields are probably those cast with magnetite (iron ore) to protect against X and γ radiation. Such shields are found for example at oncological radiation facilities at hospitals and at nuclear power plants. The mixing, transport and casting of magnetite concrete is challenging as it is much heavier than ordinary concrete. Apart from this, magnetite can be used as an ordinary aggregate that does not influence the cement hydration.
The ongoing construction of the European Spallation Source (ESS), Lund, Sweden [9] has increased the interest for the shielding effect of concrete and how to possibly improve it. ESS will be creating neutrons with energies up to 2 GeV by a spallation process where protons are accelerating into a tungsten target. Neutrons will be slowed down in a moderator to energies between 1 meV to 1 eV before they are led through beam guides, up to 150 m long, to the instruments where the neutrons are being used for different experiments. The target and the moderator are shielded by a 3.5 m thick layer of steel, to moderate most of the neutrons with energy above 10 MeV, but additional shielding of the moderator, the neutron guides and the instruments are needed. Concrete will be an important part of this shielding. It is important to remember that all metals have resonances in cross section (energies where there is increased interaction or very little interaction with neutrons) in the energy range between 1 keV to 1 MeV.
The focus of this study can be divided into three types of concrete aggregates and their combinations.
Nonferrous metal based aggregates.-These will moderate high energy neutrons and at the same time have different cross section resonances than that of the iron shielding around the moderator in the 1 keV to 1 MeV region.
Hydrogen based aggregates.-Below 1 MeV hydrogen has a high scattering cross section and for each interaction with a hydrogen atom the neutron is slowed down more than with an interaction with a metal atom. Between 1 and 10 MeV the hydrogen cross section goes down but because of the large energy transfer in each interaction, hydrogen is still very efficient.
Large absorption cross-section aggregates.-Both cadmium and gadolinium have high cross section for absorbing slow neutrons, but are expensive, toxic and emit a lot of gamma radiation in the process, which then has to be attenuated. Lithium absorbs neutrons without emitting any photons but for approximately every 5000 absorbed slow neutrons lithium produces a neutron with energy above 1 MeV. Boron has a high absorption cross section for slow neutrons, and for each absorbed neutron a photon with 0.478 MeV is emitted.
Although there are a large number of studies on the attenuating properties of different materials, there is comparatively little done on cement based materials, even if such materials are commonly used in radiation shields. Of the existing papers-theoretical, experimental or both-dealing with shielding properties of concrete, some deal with ordinary concrete [10] , some deal with concretes with iron [11] [12] [13] [14] [15] , and some with more innovative materials. Among the latter are studies of concrete with barite [13, 16, 17] , boron-containing compounds [18] [19] [20] , lead [21, 22] , magnetite and lead [23] , and polymers [14, 15] . ASTM C637 [24] also contains a list of different aggregates used in radiation shielding concrete.
Most of the above papers do not mention the hydration kinetics of the concrete. A few studies [18, 19] mention the retarding properties of boron containing minerals, used to shield slow neutrons. This effect of compounds with boron is also known from other studies. For example, Kratochvíl et al. [25] have studied how additions of different boron compounds (up to 2% of the cement mass) affected the setting of Portland cement. The reason for performing the study was that gypsum from boric acid manufacturing may be used instead of natural gypsum in the production of cement, but it contains boron compounds that may delay the hydration of the cement [26] . Kratochvil et al. found that boron (the element) had no effect on the hydration, but boric acid and borax gave a significant retardation. It has also been shown that boron containing waste from borax manufacturing retards hydration [20] .
As discussed above, materials added to concrete for different purposes may disturb the normal hydration kinetics of the cement paste, and it is therefore natural to investigate this as a first step in designing radiation shields with unusual materials. We will in this paper describe how isothermal calorimetry was used in such a study.
II. MATERIALS AND METHODS

A. Materials
We have tested eight materials and one combination of materials that potentially have a use as aggregates in concrete shielding as they contain boron, hydrogen, tungsten or copper. The materials are described in Table I range from no addition to a very high addition, related to their shielding capacity. All materials were of commercial origin except the polypropylene (PP) blended material that was made specifically for this study. As the aim of this study was to describe a systematic and efficient method to assess hydration disturbances, we do in most cases not discuss the reason for the behavior we see; many of the samples are commercial products that lack information on their exact composition. The results shown should thus not be taken to represent all similar materials as minor constituents in aggregates may completely change the hydration kinetics.
The used cement was a Portland-limestone cement (CEM II/A-LL 42,5 R, Cementa, Sweden). The cement was stored in a closed glass jar during the duration of the study.
B. Method
Isothermal calorimetry is the measurement of heat production rate (thermal power) from small (1-100 mL) samples at constant temperature. This is a common technique in cement science and technology [5, 27] , but it is also used in, for example, pharmaceutical science and technology (then often under the name "microcalorimetry" [28] ). Note that isothermal calorimetry is quite different from solution calorimetry or semiadiabatic calorimetry that are also used in the field of cement, but that are much less useful for the present type of study.
The present study was made at 25°C with an I-Cal Flex (Calmetrix, USA). This instrument has eight calorimeters in one thermostat, and the baseline stability in the present measurements was about 3 μW. The samples were in 20 mL polymer vials. The calorimeters were calibrated electrically and the baselines were taken using vials with water.
The measurements presented in this paper were made during a 140 day period using the same cement. As the used calorimeter can run eight samples simultaneously, a sample without any aggregates was run in each set of measurements. Figure 2(a) shows the results of all twelve such measurements. It is seen that the repeatability is good and that the cement did not change its hydration properties during the experimental period. For a cement paste the amount of water is expressed as the water/cement ratio and this ratio was 0.5 in the present measurements. However, it is possible that the amount of water available for the cement hydration was slightly lower in some cases as the added materials could take up water or contain small particles that hold water. As seen in Fig. 2(b) , there is only a minor influence of the water/cement ratio on the hydration kinetics. A slightly earlier onset of the main reaction for low water/cement ratios [not possible to see in Fig. 2(b) ] is because the ionic concentrations, needed to start the reaction, are reached more quickly when there is less water. The slowing down of the reaction rate for water/ cement ratio of 0.4 which is seen at around 15 hours is caused by a lack of available water.
The
was repeated until all samples were charged into the calorimeter. The time for starting all eight samples was about 10 min. The start time for each sample was when water was added to the dry material. In the present measurements the mass of cement and water was 4 and 2 g, respectively (water/cement ratio 0.5). The test tube shaker was modified so that it had a holder for the vial. The rotating speed was 1400 rpm.
The measurements were made by successively adding higher and higher masses of the material interest to the 6 g cement paste. The water/cement ratio was thus constant, but the water/solids ratio decreased when higher amounts of the tested materials were added.
III. RESULTS
Representative results are given in Fig. 3 and summarized in Table II Table I and the results are described in Table II. occur depending on which material is tested, the amount of material, and (in some cases) the particle sizes.
IV. DISCUSSION
A. General issues
It is common to use isothermal calorimetry [29] to check the influence of chemical additives (for example superplasticizers and accelerators) or supplementary cementitious materials (SCMs) [30] ; see for example references [6, 31, 32] . Typically paste samples with different concentrations of the additives or SCMs are then made. If the added component is only added in small amounts (like admixtures), fixed masses of water and cement are used, but if a component is added in a substantial amount and takes part in the hydration process (like SCMs), this approach cannot be used, and it is then logical to instead work with constant water/binder ratio (where the binder is cement þ SCM).
In the present case the added materials could potentially both have a chemical influence (like admixtures) and decrease the available water for the cement hydration by absorbing water, but they are not likely to react like SCMs. We therefore chose to keep the masses of water and cement constant, and to add the materials to be tested. The water/ cement ratio and the mass of hydrating cement paste (6 g) was thus the same in all measurements. As the materials to be tested were added to the 6 g cement paste, the heat capacity of the different samples was not the same. As we used the same reference heat capacity for all calorimeters (see Ref. [33] for a discussion of references in calorimetry), there could have been an issue with the thermal balance of the calorimeters. In isothermal heat conduction calorimeters the noise is lowest when the sample and reference has the same heat capacity. However, the noise was low in all the present measurements, so the thermal imbalance did not influence the result.
The above sample proportioning approach could lead to a lack of water when a high amount of added fine materials was used. This could have two consequences. First, it will influence the fluidity and possibility to mix the samples.
However, all samples mixed well in the test tube shaker even if the samples with higher amounts of material and with more fine material were less fluid. Second, with the used approach the effective water/cement ratio may decrease for the higher additions of fine material that will bind some water. However, this is not a problem as the hydration kinetics are quite insensitive to changes in water/ cement ratio [cf. Fig. 2(b) ]. Lower water/cement ratios will only give a slightly earlier onset of the main hydration peak and a slightly higher maximum thermal power [34] . To this may be added a "filler effect," that small particles tend to increase the onset and rate of hydration [35] as they act as nucleation sites for the precipitation reactions during the initial part of the hydration.
Concrete is made of cement, water and aggregates (sand and rocks). For workability and strength it is important to optimize the size fractions of the aggregate so that the finer particles fill out the spaces between the larger ones. Materials with shielding properties will replace part of either the sand or the rocks (or both), depending on their particle size. If the shielding particles are inert (like most normal aggregate) the cement hydration will still proceed as normal, but if they contain substances that influence the hydration rate problems can occur. In many cases smaller particles with higher surface area will give more problems than larger particles as they will contain and release more contaminants. In the present study we have used small particles (<6 mm) and it is probable that large particles would have given less effect on the hydration.
B. The results
Polyethylene and polypropylene have excellent chemical stability under highly alkaline conditions. The polymers themselves should therefore be stable in a concrete pore solution and should not interfere with the hydration process, but processing aids and stabilizers added in the polymer manufacture could potentially interfere with hydration. However, no such interactions were seen for the used polymers [ Fig. 3(a) ] or for the polypropylene with borax [ Fig. 3(c) ]. Polypropylene without any borax was also tested (results not shown) and gave the same results as polyethylene. As borax has a dramatic influence on the hydration [ Fig. 3(b) ], the borax must be completely bound to or coated by the polypropylene in the polypropyleneborax composite. Borax (Na 2 ½B 4 O 5 ðOHÞ 4 · 8H 2 O) is a known retarder of cement hydration [25] and other boron compounds are also known to have a retarding effect [26] . However, Kharita et al. [18] found that borax did not cause any significant effects on the strength of concrete, when added at concentrations up to 0.5% of the concrete mass.
As this corresponds to an addition of about 5% of the cement mass, their results do not seem to agree with the present results (but it is not mentioned in Ref. [18] if the hydration was retarded). The malachite gave a total collapse of the cement reaction, except at low concentration of the larger particles [ Fig. 3(d) ]. The bornite only gave problems with the high concentration of the smaller particles [ Fig. 3(e) ]. This indicates that the hydration disturbance of malachite and bornite is related to the surface of the particles, either through dissolution of the minerals or release of substances or particles from the surfaces. It is possibly the direct action of copper ions-both malachite and bornite are copper ores-that is responsible for the hydration disturbances. Soluble copper salts are retarders [8] and, except for lead and zinc, copper (Cu 2þ ) is the common cation that has the highest retarding action on Portland cement [2] .
Two forms of the mineral colemanite were used: pure powder and larger particles of the ore. The pure powder retarded the hydration at 10%, but killed the reaction and 21% [ Fig. 3(f) ], probably because of dissolution of boron, which-as is mentioned above-is a known retarder of cement hydration [26] . The ore only gave a slight lowering of the hydration peak [ Fig. 3(g) ], but as the thermal powers are lowered throughout the measurements when colemanite ore is present it seems that colemanite prevents some part of the cement hydration to take place.
The results for colemanite ore are qualitatively different from all other present results as the small second peak in the hydration curves disappears (cf. Fig. 4 ) when colemanite ore is added. This so-called "sulfate depletion peak" indicates that the pore solution is depleted of sulfate ions, and it is important for a proper (Portland) cement that this peak comes a few hours after the main peak [36] . In the manufacture of cement, soluble calcium sulfate (gypsum) is added to prevent the rapidly dissolving aluminate phase to form hydrates immediately on contact with water, as this gives flash set and severely retards the main strength giving reactions. In the presence of dissolved sulfate, the aluminates form other substances instead, so that the main reaction can proceed undisturbed. Cements sometimes have too little (or too slowly dissolvable) sulfate or the sulfate is immobilized or consumed by for example admixtures. In such cases the sulfate depletion peak tends to move to the left and sometimes even show up on the left side of the main peak. Such cements are not robust and, for example, a change in temperature or an increased dosage of an admixture may cause the hydration to collapse (ASTM C1679 [6] describes a calorimetric method to test if a system is undersulfated).
Two of the materials-tungsten oxide and boron carbide-could be added in equal masses to the cement without causing any significant changes in the hydration [Figs. 3(h) and 3(i)]. These materials can thus be considered to be inert with respect to the cement reaction. It is well known that small particles (fillers) can increase the rate of hydration by acting as nucleation sites for the cement reactions [35] . Such a behavior was seen for tungsten oxide [ Fig. 3(h) ] and boron carbide [ Fig. 3(i) ], which both contained fractions of fine particles.
For some of the tested materials the cement hydration showed a total collapse (or at least a sever retardation) above some concentration: borax [ Fig. 3(b) ], malachite [ Fig. 3(d) ] and colemanite powder [ Fig. 3(f) ]. The mechanisms behind this is not known.
C. Shielding
If concrete is to be supplemented by a certain element to shield, e.g., slow neutrons, it is the number of atoms of the element per volume that gives an effect. It is thus important to not only look at the mass of added material, but also to take into account the atomic fraction of the element of interest. Generally, the molar concentration, c A (mol m −3 ), in the concrete of atom A added to a concrete through the substance B can be written as Fig. 3(g ), but the hydration curves have been shifted in the y-direction to emphasize that the sulfate depletion peak at the arrow changes when the colemanite ore is added.
Here, m (g) are the masses of cement, water, normal aggregates, and substance B used to make a batch (or a cubic meter) of concrete, ρ (g m −3 ) is the density of the concrete, x AB (mol mol −1 ) is the amount of A in one mole of B, and M B (g mol −1 ) is the molar mass of B. The ratio x AB =M B is thus an important factor. If we take boron as an example, there are several possible sources of this element. For boron carbide, boric acid, borax, and colemanite, the factor x AB =M B is respectively 0.072, 0.016, 0.011 and 0.015 mol g −1 . The number of boron atoms in a concrete mix is thus not only dependent on the mass of boron compound added, but also on how much boron there is in the compound. To get the same numbers of boron atoms in the concrete one needs to use nearly 5 times by mass more colemanite than boron carbide.
D. Practical aspects
It is unusual for papers on the shielding properties of concretes to mention anything about the rate of hydration. It can be that in some cases the concrete took a long time to hydrate, but when it was tested for strength and attenuation the hydration had taken place. However, a significantly retarded hydration is in most cases a problem, both for precast concrete and for concrete cast on site. For precast concrete it lowers the productivity as de-molding cannot be done as rapidly as if the concrete was unretarded, leading to the need for more molds and more space to store cast molds. On a worksite, retardation delays form stripping, so the concrete casting will take a longer time in the construction process. However, there are some cases where retardation may not be a problem. One possible such case is when concrete shielding blocks are cast in individual molds that are to become integral parts of the blocks.
Isothermal calorimetry is a useful method to screen materials to be added to a concrete mix, for example for retardation. As such measurements are made on small amounts of material and started relatively quickly (eight such measurements are started in about 1 h) it is a good method for initial testing and screening. However, it cannot replace concrete testing, as many factors (for example the effect of admixtures and the effect of large-scale mixing) cannot be reliably simulated in the small scale calorimetric measurements on paste or mortar, and properties such as workability and strength cannot be assessed from calorimetric measurements.
Finally, cost is of course also a factor to take into account when optimizing shielding concrete. It is much less expensive to use mined abundant natural materials or waste materials, than to use highly processed or synthetic materials. However, more expensive materials that have higher concentration of shielding elements and show less interference with the cement hydration may still be preferable as they can give adequate shielding with smaller structural dimensions.
As is seen in the present results, physically interesting concrete mixes can exhibit a large variation in chemistry. In the current project, we now focus our efforts on those concretes with similar curing properties to regular concrete, so that the curing time and the structural engineering properties of the final material are compatible with construction projects whilst also offering improved shielding properties.
V. CONCLUSIONS
Isothermal calorimetry is a useful method to assess hydration disturbances as a first step in selecting materials to be incorporated into concrete to improve the neutron shielding effect in, e.g., neutron spallation facilities. Many different aggregates have been suggested for this, but as full scale tests of aggregates are expensive and time consuming, it is important to have fast ways to evaluate the feasibility of new aggregates. We show that isothermal calorimetry is an easy method to test whether potentially useful aggregates will disturb the cement hydration reaction, and that physically interesting aggregates gave a large variation in the hydration rate.
